Introduction
Chronic kidney disease (CKD) is associated with major alterations in lipid and lipoprotein metabolism. In turn, it is believed that the dyslipidemia of CKD can lead to progression of renal injury and development of CKD-associated complications such as cardiovascular (CV) disease. The nature of lipid abnormalities in CKD is influenced by several unique factors including the presence and severity of proteinuria, dietary restrictions, pharmacologic therapy, preexisting genetic disorders of lipid metabolism, and type of renal replacement therapy a patient is receiving. 1 Patients with end-stage renal disease (ESRD) on maintenance hemodialysis (MHD) typically have normal or low levels of serum total cholesterol and low-density lipoprotein cholesterol (LDL-C), whereas serum high-density lipoprotein cholesterol (HDL-C) levels are commonly reduced, and serum triglycerides and very low-density lipoprotein levels are modestly elevated. 2 While hyperlipidemia is not a hallmark of ESRD, the dyslipidemia observed in patients on MHD is typically marked by an accumulation of highly atherogenic and proinflammatory lipoproteins. 3 In the general population, increased levels of serum HDL-C are generally thought to protect against CV disease via multiple different mechanisms including reverse cholesterol transport, antiinflammatory, antioxidant, and antithrombotic activities. 3 Therefore, it is not surprising that increasing levels of serum HDL-C have been shown to be associated with better CV outcomes in observational studies. [4] [5] [6] [7] However, the findings of recent clinical trials and genetic studies have shed light on the complex nature of the HDL particle and the many factors that determine its functional abilities that ultimately impact its associations with outcomes. For instance, several randomized clinical trials that aimed to improve CV outcomes by increasing serum HDL-C concentrations using pharmacologic agents such as niacin and cholesterol ester transfer protein inhibitors failed to show a survival benefit. 8, 9 Furthermore, Mendelian randomization analyses have indicated that some genetic mechanisms, which increase serum HDL-C levels, do not prove to be effective in reducing the risk of myocardial infarction. 10 These findings have brought into question the notion that elevated serum HDL-C levels are always protective against CV disease.
In fact, these seemingly paradoxical associations between serum HDL-C level and outcomes have also been observed in patients on MHD, in whom elevated levels of serum HDL-C were found to be associated with worse survival. 11 These unexpected findings might be explained by the fact that there are structural and functional changes in the HDL lipoprotein from patients on dialysis, which can alter its performance and lead to HDL dysfunction. [12] [13] [14] For example, ESRD is associated with reduced levels of serum apolipoprotein A1 (ApoA1), HDL-C and HDL phospholipids, and elevated levels of HDLtriglycerides. Furthermore, maturation of cholesterol ester-poor HDL3 to cholesterol ester-rich HDL2 is impaired, and HDL antioxidant, antiinflammatory, and reverse cholesterol transport properties are defective in the patients with ESRD. 15, 16 In addition, we have found that HDL from a subset of patients on MHD was in fact proinflammatory, a finding that has been replicated by other investigators as well. [17] [18] [19] [20] These laboratory findings help explain why we have found that elevated serum levels of baseline HDL-C can be associated with worse CV and all-cause mortality in patients on MHD. 11 However, it is possible that baseline serum HDL-C levels may not be an adequate indicator of overall HDL levels, and that change in HDL over time may provide a more accurate account of the association of this lipoprotein with outcomes in patients on MHD. Therefore, in this study, we aimed to further address the role of serum HDL levels in ESRDassociated death risk and evaluated the association of change in serum HDL-C concentrations over time with all-cause and CV mortality. We hypothesized that increasing serum HDL levels over time may not be associated with improved survival given the findings of our previous study.
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Methods
Study population and data source
The study cohort comprised all patients with ESRD who were initiated on hemodialysis between January 2007 and December 2011 within one of the outpatient facilities of a large dialysis organization and were followed up over a period of 5 years. Patients were included provided that they were 18 years or older, were treated with only in-center hemodialysis for at least 60 days, and had serum HDL-C measured during the first 91-day period of hemodialysis (baseline quarter). To examine the change in HDL during the first 6 months following dialysis, we additionally excluded those patients with missing measured HDL at 6 months of dialysis initiation. Accordingly, the final study population consisted of 21,074 patients (Fig. 1) .
All data were obtained from electronic records of the dialysis organization. To minimize measurement variability, all repeated measures of every relevant variable within each 3-month period starting from the date of first dialysis were averaged to obtain a quarterly mean value. Blood samples were drawn using standardized techniques in all dialysis clinics and were measured using automated and standardized methods in a central laboratory in Deland, Florida. The study was approved by the institutional review board of University of California, Irvine.
Exposure and outcome ascertainment
The exposure of interest was change in HDL-C levels during the first 6 months of dialysis initiation, which was calculated by subtracting values at 6 months (the third patient-quarter) from those at baseline (the first patientquarter). Given a possible nonlinear relationship with mortality, change in HDL level was treated as a categorical variable and divided into quartiles (,25, 25 to ,1, 1 to ,7, and $7 mg/dL). Quartile 3 (1 to ,7 mg/dL) was chosen as the reference because it includes the mean and median values (1.2 and 1.0 mg/dL, respectively) in this study, had the largest sample size, and allowed for the most precise comparison with lower and higher HDL change categories. The primary and secondary outcomes of interest were time to all-cause and CV death, respectively. For mortality analyses, patients remained at risk until death, censoring for loss to follow-up, discontinuation of dialysis therapy, kidney transplantation, transfer to a nonaffiliated dialysis clinic, or end of the study period (December 31, 2011).
Statistical analyses
Data were summarized using proportions, means 6 standard deviation (SD), or median (interquartile range [IQR] ) as appropriate and were compared using Student's ttest, analysis of variance, Kruskal-Wallis, and chi-square tests, respectively.
Associations between HDL change and mortality were determined in Cox proportional hazard regression models with 3 incremental levels of adjustment based on a priori considerations: (1) model 1: unadjusted or minimally adjusted model that included baseline HDL-C values; (2) model 2: case-mix adjusted model that included the aforementioned values plus age, sex, race/ethnicity (white, African American, Hispanic, Asian, or other), primary insurance (Medicare, Medicaid, and others), initial vascular access type (central venous catheter, arteriovenous fistula, arteriovenous graft, or other), comorbid conditions (diabetes mellitus, hypertension, atherosclerotic heart disease, congestive heart failure, other-CV disease, cerebrovascular disease, dyslipidemia, human immunodeficiency virus, chronic obstructive pulmonary disease, and malignancy), alcohol dependence, substance abuse, and dialysis dose as indicated by single-pool Kt/V; (3) model 3: fully adjusted model that included all covariates in the case-mix model plus malnutrition-inflammation-cachexia syndrome variables including serum hemoglobin, white blood cell count, albumin, calcium, phosphorus, intact parathyroid hormone, bicarbonate, total iron binding capacity, ferritin, and LDL-C; (4) model 4: additional adjustment for body mass index (BMI, body weight in kilograms divided by height in meters squared) and statin therapy in addition to the fully adjusted models. In an attempt to mitigate the impact of the regression to the mean phenomena, all multivariate models that examined the ''change'' as a mortality predictor were also controlled for other laboratory values at sixth month and at baseline because those variables at sixth month could influence and/or may have been influenced by the change in HDL-C during the same period. As CV and non-CV death are competing events, association of HDL change with the 2 outcomes was assessed by means of semiparametric competing risk regression in sensitivity analysis. 21 We additionally explored the continuous, potentially nonlinear relationship between change in HDL over time and mortality by using restricted cubic spline models with 4 knots. All mortality associations were expressed as a hazard ratio (HR) and 95% confidence interval (CI). To test the robustness of our findings, we also performed subgroup analyses based on a priori defined variables such as age, gender, race/ethnicity, comorbidities, and laboratory parameters. Subgroups of the continuous variables were created by clinically relevant categories (baseline HDL-C level) or by dichotomization of other variables at the median value.
The frequency of missing data was low (#0.5%, ascertained at baseline) for most covariates in multivariate adjusted models, except for statin therapy (5.1%). Patients who were missing statin use data were excluded from analyses without imputation. All analyses were implemented using Stata, version 13.1 (Stata Corporation, College Station, TX).
Results
Study population
The overall cohort consisted of 21,074 patients who met eligibility criteria (Fig. 1) , among whom HDL-C tended to increase during the first 6 months of hemodialysis initiation. The mean 6 SD and median (IQR) of observed change in HDL levels were 1.3 6 10.7 and 1.0 (24.5, 7.0) mg/dL, respectively. The baseline characteristics of the overall and the subset of patients according to quartiles of change in serum HDL levels are summarized in Table 1 . Patients with the higher increments in HDL tended to be older, were less likely to be diabetic, and more likely to have cerebrovascular disease. They also had lower total cholesterol, LDL-C, and intact parathyroid hormone values, but higher ferritin levels. Compared to patients in quartiles 2 and 3 of HDL change, those in the lowest (,25 mg/dL) and the highest (.7 mg/dL) quartiles were less likely to have arteriovenous fistula as their vascular access, had lower statin use, and had lower serum albumin levels.
During a total time at risk of 32,654 patient-years (PYs), 4810 all-cause deaths occurred (mortality rate, 99.5 per 1000 PYs; 95% CI, 96.7-102.3). Median (IQR) follow-up time was 1.3 years (0.622.3 years). Of these, 4304 (89.5%) individuals had data available on primary cause of death, among whom 1710 (39.7%) were attributed to CV mortality (mortality rate, 53.4 per 1000 PYs; 95% CI, 51.0256.0). Although there were some patients whose cause of death was unknown, when compared to patients who had available information about cause of death, their demographic, comorbidity, and laboratory characteristics were mostly similar (Supplementary Table S1 ).
All-cause and CV mortality Table 2 and Figure 2 show the HRs and corresponding 95% CIs for all-cause and CV mortality according to categories of change in HDL over time using Cox proportional regression models. In case-mix models (model 2), there was a J-shaped association between change in HDL and mortality, such that quartiles 1 (,25 mg/dL) and 4 ($7 mg/dL) were each associated with higher all-cause (HR, . Even when BMI and statin therapy were additionally incorporated into the fully adjusted models (model 4), the latter association remained largely unchanged although the difference was no longer statistically significant given the reduced sample size. Moreover, in sensitivity analyses considering non-CV death as a competing event, similar findings were observed ( Supplementary Fig. S1 ), indicating that our findings were not biased by competing risks.
In analyses examining continuous HDL change as a restricted cubic spline adjusted for case-mix variables, we again observed a similar pattern of association between HDL change over time and all-cause and CV mortality in that both decreasing and increasing HDL levels over time were associated with progressively higher mortality risk. On the other hand, in fully adjusted models (including BMI), upward increments of HDL-C were associated with higher death risk, but not decrements over time (Fig. 3) . Further subgroup analyses confirmed these associations between incrementally increasing HDL levels ($7 mg/dL vs 25 to ,7 mg/dL of HDL change) and greater all-cause and CV mortality risk across most prespecified subgroups (Fig. 4) . It should be noted that in our subgroup analyses, the association of increased HDL-C levels ($7 mg/dL) with CV mortality did not reach statistical significance. However, there was a strong trend in that direction, and this itself is paradoxical to what is expected based on the observations in the general population.
Discussion
In a large contemporary cohort of 21,074 patients treated with thrice-weekly hemodialysis and followed up for 5 years, we found that increasing concentrations of serum HDL-C over time were paradoxically associated with worse survival. This is contrary to the associations observed in the general population in which higher increments in HDL are associated with improved survival and reduced CV mortality. 4 In this regard, we have previously demonstrated that compared with the HDL from the healthy controls, the HDL from MHD patients exhibits markedly reduced antioxidant activity. 12, 13 Furthermore, HDL from patients on MHD not only has reduced antiinflammatory activity but also in a subset of patients may actually be proinflammatory in nature. 17, 18 Other investigators have also found that HDL composition and function is significantly altered in patients with CKD and ESRD such that the HDL molecule could become paradoxically proinflammatory. 19, [22] [23] [24] In fact, a study in a cohort of Japanese MHD patients found that higher HDL-C concentrations were associated with higher levels of oxidized HDL, which were also associated with increased CV mortality. 17 Likewise, we have found that elevated serum HDL-C (.50 mg/dL) levels in prevalent MHD patients were associated with higher all-cause and CV mortality. 11 Furthermore, Bowe et al. 25 recently reported similar findings in patients with CKD noting a Ushaped association between serum HDL-C levels and mortality across a wide range of estimated glomerular filtration rates. However, these studies were limited by failure to account for changes in HDL levels over time. To the best of our knowledge, this is the first published study to demonstrate the paradoxical association between upward increments in HDL-C over time and higher mortality in the dialysis population. These findings further support the growing body of evidence, which indicate that in some patients with ESRD, HDL may become dysfunctional thereby adding to the CV disease burden. [13] [14] [15] [16] [17] [18] [19] [20] [23] [24] [25] It is important to note that the association of worse outcomes with decreasing serum HDL levels could be mitigated by controlling for markers of inflammation and malnutrition. However, it is also intriguing to note that controlling for the latter indices did not significantly alter the association of increasing serum HDL levels over time with worse outcomes. Hence, these findings suggest that although inflammation and malnutrition are major contributors to HDL dysfunction in ESRD, they are not the only factors involved in abnormal HDL metabolism, which lead to the paradoxical associations observed in this population. Other alternative mechanisms that can also play a vital role in HDL function need to be considered. In this regard, it should be noted that serum HDL-C level is determined by the rate of HDL-mediated cholesterol uptake from peripheral tissues and disposal of its cholesterol cargo in the liver for conversion to bile acids and secretion in the intestinal tract (ie, reverse cholesterol transport). 1, 14, 15 HDL-mediated cholesterol uptake from peripheral tissues is markedly impaired by CKD. 23, 24 The following factors can contribute to the defective HDL-mediated cholesterol uptake in CKD: (1) reduced production and heightened catabolism of ApoA1, the principle apoprotein constituents of HDL 15 ; (2) downregulation of lecithin-cholesterol acyltransferase that is essential for esterification and loading of cholesterol in the core of HDL 26 ; (3) upregulation of acylCoA cholesterol acyltransferase-1 that, by promoting intracellular esterification of cholesterol, limits the efficacy of HDL-mediated activation of cholesterol ester hydrolase to release free cholesterol for uptake by HDL 27 ; and (4) modification of ApoA1 by reactive oxygen species (oxidation), elevated urea level (carbamylation), and systemic inflammation (myeloperoxidase modification), events that limit binding of HDL to the machinery mediating cholesterol efflux, ATP binding casset-A1 and casset-G1 in the peripheral tissues. 28, 29 In addition, the aforementioned modifications of HDL protein constituents may also limit the binding of HDL to its hepatic docking receptor (SR-B1) and impair its ability to unload its cholesterol cargo in the liver, thereby leading to impaired cholesterol influx. 28, 30 Likewise, systemic inflammation leads to formation of myeloperoxidase-modified albumin, which, via binding to SR-B1, further prevents HDL unloading in the liver. 31 Compromised HDL-mediated removal of surplus cholesterol from peripheral tissues and defective disposal of HDL-C cargo in the liver are equally important in limiting reverse cholesterol transport and promoting CV disease. However, they have opposite impacts on serum HDL-C level, that is, impaired cholesterol uptake from peripheral tissues lowers serum HDL levels, whereas impaired HDL-C disposal in the liver raises serum HDL-C concentrations. Therefore, although the increasing serum HDL-C levels over time may give the impression of improving reverse cholesterol transport and HDL function, these findings, in fact, may be indicating a worsening of these indices. This phenomenon can, in part, account for the worse outcomes observed in our study of ESRD patients with increasing serum HDL-C level over time. The latter mechanisms (HDL-C influx/unloading capacity) will need to be examined in future investigations, especially given the fact that increasing HDL-C efflux activity has not been associated with improved outcomes in hemodialysis and renal transplant patients.
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The strengths of our study include its examination of a large, nationally representative cohort of incident hemodialysis patients, a relatively long follow-up period of up to 5 years, serial HDL measurements in one single laboratory with optimal quality-assurance monitoring that enabled to account for the change in HDL over time, various subgroup analyses, and granular data on comorbidities and laboratory variables. However, several limitations of our study should be mentioned. First, the present findings should be qualified given the observational nature of our study design, which precludes conclusions about causality. In addition, we cannot completely rule out the possibility of the regression to the mean phenomena playing a role in our findings, although we have excluded subjects with extreme values of HDL-C and have adjusted our analyses for baseline and HDL-C levels at sixth month. Moreover, it should be mentioned that we did not have data available on the cause of death in all of our patients, as 10% of patients did not have data available on CV mortality. However, we did compare all baseline characteristics between the subjects with and without data on cause of death and found no meaningful differences between the 2 groups (Supplementary Table 1) . Finally, given that we did not have complete data on traditional and nontraditional CV disease risk factors including oxidative status, inflammatory markers, or relevant life style factors such as weight changes or smoking status, our findings may have been limited by residual confounding. Nonetheless, we did try to address this shortcoming at least in part by vigorous adjustment for measured covariates such as demographic, clinical, and laboratory parameters. Figure 4 Multivariate adjusted hazard ratios of all-cause (A) and cardiovascular (B) mortality for the lowest (,25 mg/dL) and the highest ($7 mg/dL) quartiles vs the reference group with interquartile range (25 to ,7 mg/dL) of change in serum HDL concentrations over time, overall and in selected subgroups. Models were adjusted for age, sex, race/ethnicity, primary insurance, vascular access type, comorbid conditions, alcohol dependence, substance abuse, single-pool Kt/V, serum hemoglobin, white blood cell count, albumin, calcium, phosphorus, iPTH, bicarbonate, total iron binding capacity, ferritin, and low-density lipoprotein cholesterol. ASHD, atherosclerotic heart disease; CHF, congestive heart failure; HDL-C, high-density lipoprotein cholesterol; iPTH, intact parathyroid hormone.
In conclusion, increasing serum HDL-C over time was paradoxically associated with worse survival and higher CV mortality in incident hemodialysis patients. Although malnutrition and some markers of inflammation may explain the increased risk of mortality in patients with decreasing serum HDL concentrations, these indices do not mitigate the elevated risk in patients with increasing serum HDL-C. Future studies will need focus on evaluating the role of HDL properties and function on mortality rather than mere levels.
